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1. An alternative title adapted from related work in the area of concmnt engineering (Ref. 1) is “Towards a Medium 
for Collaborative Space Mission Design and Operations” 
ABSTRACT 
The space industry has identified the need to use arti- 
ficial intelligence and knowledge based system tech- 
niques as integrated, central, symbolic processing 
components of future mission design, s port and op- 
constraints require that off-the-shelf applications, and 
their knowledge bases, are reused where appropriate 
and that different mission contractors, potentially us- 
ing different KBS technologies, can provide applica- 
tion and knowledge submodules of an overall 
integrated system. In order to achieve this integration, 
which we call knowledge sharing and distributed rea- 
soning, there needs to be agreement on knowledge rep- 
resentations, knowledge interchange. formats, 
knowledge level communications protocols and ontol- 
ogy. Research indicates that the latter is most impor- 
tant, providing the applications with a common 
conceptualsation of the domain, in our case spacecraft 
operations, mission design and planning. Agreement 
on ontology permits applications that employ different 
knowledge representations to interwork through medi- 
ators which we refer to as knowledge agents. This cre- 
ates the illusion of a shared model without the 
constraints, both technical and commercial, that occur 
in centralised or uniform architectures. This paper ex- 
plains how these matters are being addressed within 
the ATOS programme at ESOC, using techniques 
which draw u n ideas and standards emerging from 
the DARPA a w l e d g e  sharing mort. In pamc~lar, 
we explain how the project is developing an electronic 
Ontology of Spacecraft Operations and how this can 
be used as an enabling component within space sup- 
port systems that employ advanced software engineer- 
ing. We indicate our hope and expectation that the core 
ontology developed in ATOS, will permit the full de- 
velopment of standards for such systems throughout 
the space industry. 
erations systems. Various practical an T commercial 
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1. THE ADVANCED TECHNOLOGY 
OPERATIONS SYSTEM 
During the past few years the European Space Opera- 
tions Centre (ESOC) of the European Space Agency 
(ESA) have carried out a number of projects to demon- 
strate the feasibilig of using advanced software tech- 
nology, in particular artificial intelligence techniques 
and knowledge based s stems, to sumn spacecraft 
operations. Although Aese applicatlons have been 
successfully tested in isolation and for selected or sim- 
plified subsets of required mission functionality, there 
are a number of advances which must be achieved be- 
fore AI techniques can be fully exploited in future mis- 
sion systems, namely, integration of the ap lications 
into a single system with consistency in dormation 
model and user interface, together with generalization 
of the plications so that they are mission independ- 
ent. UZas generalisation is achieved, the cost of de- 
velopment of such systems will be a stumbling block 
to operational deployment 
... 
Figure 1 The Advanced Technology Operations 
System (ATOS) 
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vancedTraining. 
ifications of the ATOS technology infrastructure, 
which is required as inputs to the other ATOS phases. 
Key to this endeavour is the formal specification of an 
Ontology of Spaceenaft Opemtions. An ontology is a 
formal specification of the knowledge structures that 
can be used to model a domain, in our case the dbmain 
of spacecraft operations. Terminology and relation- 
ships between entities in the domain are explicitly de- 
fined. This paper explains the role of ontology in 
achieving ATOS goals. We believe that the approach 
described has wide applicability in acting as a catalyst 
for the exploitation and development of advanced mis- 
sion support applications throughout the space indus- 
try and elsewhere. Recognising the significance of 
agreement on definitions is the key to moving knowl- 
edge based systems off the side lines and into main- 
stream mission support and operations. The aim is to 
create a medium in which collaborative mission design 
and operations can flourish. 
As mission lifetimes extend and mission objectives 
and payloads become increasingly complex, advanced 
functionaiity must be made available to mission staff, 
to help manage the complexity and to provide efficient 
and accurate knowledge transfer between mission 
phases and between mission staff. ATOS technology 
is neededright now, but must be provided in a form ac- 
ceptable to users. ATOS concentrates upon providing 
mission support power tools, rather than applications 
aimed at removing close human involvement in the 
mission operations process. 
1.1 The Benefits of ATOS 
ATOS aims to improve f the 
mission viewpoint, the h tech- 
nology viewpoint 
Operalions require improved user interface facilities, 
particularly in terms of representation and manipula- 
tion of spacecmft models and operational procedms. 
Support to the user must include on-line documents, 
intelligent assistance and improved procedural ~ l i a -  
bility and thmghnes.  
The mission requires efficient configuraton, harmoni- 
sation of practices and minimisation of manual inter- 
faces between currently disparate activities. The 
mission requires more flexibility in the allocation of 
manpower, tasks and skills. 
All these matters will 
gramme. The current 
upon the knowledge that comprises a mission and is 
finding ways to store it, preserve it, reuse it and com- 
municate it. This is known as Knowledge Sharing, 
The ATOS- 1 project began work by looking at various 
initiatives in the formalisation of standards for plat- 
form level portability of knowledge. It soon became 
apparent that this in itself would not achieve ATOS 
goals and recent work has focused upon knowledge 
level (Ref. 2) representations and on the consauction 
of ontologies, which formally define the lolowledge 
structures that comprise a domain, in our case, space- 
craft operations. 
Further information regarding the motivation for 
ATOS, current activities in the programme and ex- 
pected future work can be found in a companion paper 
(Ref. 3). 
2. THE NEED FOR KNOWLEDGE SHA€$.TNG, 
REUSE AND INTEGRATION 
2.1 The Nature of the Problem 
The space domain, like most others, has seen the de- 
velopment of a wide range of applications of knowl- 
edge-based systems during the past few years. 
Although many of these applications were only exper- 
imental protow, an increasing number are being 
deployed operattonally (Ref. 4) or are entering preop- 
erational trials (Ref. 5). 
scratch. This has been true of prototype a lications in 
plications for the same agency, or contractors develop- 
ing their knowledge bases in Isolation. The duplication 
of effort involved has already been sisnificant and will 
be a major stumbling block to opemtiod deployment 
as application demands reqnire larger and larger sys- 
tems to be built It is therefore vitally important that we 
establish a mechanism to enable knowledge to be re- 
used within related applications. 
of such applications will be consi erably more com- 
plex than the prototypes built to date and include much 
larger bases of knowledge. This underlines the need 
for reuse of that knowledge and the applications which 
use it. 
In addition to reuse ofknowledge here are two further 
significant impediments to the development and de- 
the space industry, with different groups Pg uilding ap- 
08”””””’ v rsi ns 
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S-based spacecraft operilrions 
systems: 
Knowledge sharing allowing sefmak physical 
knowledgebased components within an overall 
system to share knowledge. For example, a diag- 
nosis application and a monitoring application 
need to share the same overall model of system 
structure and behaviour, but may need to use dif- 
ferent knowledge representations. 
Integration of knowledge-based applications; 
allowing the run-time exchange of knowledge 
between applications. For example, ailowing an 
application to notify others of new things it has 
deduced as a result of changes in the operating 
environment. 
It is finding solutions to these three factors which will 
open the door to a new generation of spacecraft opera- 
tions systems incorporating advanced technologies. 
Other aspects of knowledge based system technology, 
such as validation and verification are important but, 
in the context of the ATOS-1 project must be seen in a 
secondary role. Such activities are generally associat- 
ed with KBS methodologies which are used to struc- 
ture application development and guide the process of 
domain expert knowledge capture. These aspects will 
be important to future ATOS phases but are not a 
prime concern in ATOS-1, which must defme the 
knowledge structures and semantics (ie not contents) 
to be used by applications to enable knowledge shar- 
ing and to decouple knowledge from inference mech- 
anisms, the latter being a major source of impediment 
in achieving knowledge sharing in previous generation 
ms systems. 
2.2 Foundation for a Technological Solution 
The problems identified with respect to reuse, sharing 
and communication of knowledge within the ATOS-1 
project can be addressed by providing technological 
soiutions in the following areas. 
2.2.1 Knowledge Interchange 
If a knowledge-based system is to make use of an ex- 
isting knowledge base or library, or to interchange 
knowledge with another system, then the knowledge 
must either be encoded in the system’s representation 
or be translatable into that language. 
Given that for many applications practical efficiency is 
made possible by using a special purpose reprmnta- 
tion, it is impractical to expect a universal representa- 
tion language to become available which will meet the 
needs of all space applications. Two different applip- 
tions may wish to represent the same knowledge u m g  
different structures in order to improve the efficiency 
of reasoning in each. 
The major initiative in this area is the Knowledge In- 
terchange Format (KIF) (Ref. 6) which k being devel- 
ledge Sharing Effort 
thin the ATOS-1 project we are adopting KIF as our 
knowledge interchange language. 
Figure 2 KIF as an interlingua 
2.2.2 Standardised Knowledge Representations 
KIF is not intended to be used as a representation for 
direct manipulation by a computer system (although it 
can be). A further significant problem therefore to 
achieving practical knowledge sharing at present, even 
within close families of languages, is therefore that for 
each representation paradigm used by applications, eg. 
h n e s  and semantic networks, there are a wide range 
of practical implementations of that paradigm. Each 
implementation has its own idiosyncrasies, which 
means that knowledge represented using one variant is 
difficult to share with the user of another. 
This aspect of knowledge sharing and reuse is being 
ad&essed by the development of standards for knowl- 
edge representation languages, such as the IMKA ini- 
tiative (Ref. 8) and the KRSS initiative within the 
DARPA Knowledge Sharing Effort (Ref. 7), which are 
working towards standards for frame-based q r e s e n -  
tation systems and KL-ONE derivatives (Ref. 9) re- 
spectively. 
Figure 3 The need to standardise within a 
representation pardgm 
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2.2.3 ~ o m m ~ c a t i o n  f 
further s faced by ATOS with 
respect to is enabling the run-rime 
communication of knowledge between rograms, ie. 
Enabling programs to exchange knowffedge and to 
query each other with respect to the state of their 
knowledge bases. 
Within the research community the major develop- 
ment in this area is KQML (Knowledge Query and 
Manipulation Language) (Ref. 10). KQML is a high- 
level language and a set of protocols which can be used 
by software systems for the run-iime sharing of infor- 
mation and knowledge. 
KQML is already being used as a knowledge commu- 
nication in two testbeds: the Palo Alto Collaborative 
Testbed (Ref. 1) which is in the domain of concurrent 
engineering and the DARPA/Rome Planning Initiative 
which is concerned with military transportation plan- 
ning. Within ATOS-1 we intend to develop a space- 
craft operations testbed which will investigate the 
applicability of KQML to the domain of mission con- 
trol. 
Figure 4 Communication at the knowledge level 
2.2.4 Shared, Reusable Knowledge Bases 
Despite the practical problems which can be overcome 
using developments such as KIF and KQML there still 
remains a fundamental problem with respect to knowl- 
edge sharing the semantic content of a knowledge 
base. This requires that developers, and hence the ap- 
plications they develop, have a common conceptuali- 
sation of the domain in which they are operating. That 
is, they must model those things which are important 
to their task in terms of the same objects, processes. re- 
lationships etc. Such a model is called an ontology. 
Automated MMon 
Planning 
Figure 5 A common ontobgy in the minds of 
users and machines 
In adopting a certain set of concepts and their relation- 
ships a program makes a number of ontological com- 
mantics of a data model. This is therefore fundamen- 
taUy Merent from the aims of the various standards 
being set in place for integration of object and database 
systems, which typically concern the format and usage 
conventions of information rather than the meaning of 
the knowledge implied by the information. 
A major objective of the ATOS-1 project is to estab- 
lish a common ontology for use by applications in the 
spacecraft operations domain, ie. an OntoZogy of 
Spacecraft Operations. This is discussed further in 
section 4. 
3. AN OPERATIONAL CONCEPT 
The ATOS objective is the establishment of an infra- 
structure by which intelligent knowledge based appli- 
cations (KBS) interact at the knowledge level, that is 
they interact with respect to an explicit shared and 
agreed model of the domain of spacecraft operations. 
This idea is illustrated in figure 6 
Figure 6 Applications interacting at the 
knowledge level 
Since applications are unlikely to be developed ac- 
cording to a completely consistent common ontology 
and use identical representation systems, this can only 
be achieved if the applications interact through a Dis- 
tributed Access Service (DAS) based on cooperating 
knowledge agents that themselves adhere to a consist- 
ent ontology of spacecraft operations. The complexity 
quired within each agent will depend upon how far 
the applications deviate from the ontology. Agents 
will perform functions such as translation of query 
forms as expressed by applications into the standard 
ontological model. This idea is illustrated in figure 7: 
Knowledge agents will mediate between disparate ap- 
plications that employ heterogeneous knowledge rep- 
resentations, reasoning methods and query forms. The 
shared ontology that forms the fabric of the infrastruc- 
ture will provide the means by which applications will 
access a logically unique repository of mission infor- 
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ensuring that the most appropriate representation for 
the specific reasoning task used. 
Figure 7 A distributed access service 
Irrespective of the location of knowledge resources 
and of reasoning capability, each application will have 
access to the entirety of all mission knowledge and be 
able to call upon the deduction capabilities of all appli- 
cations through the medium of knowledge communi- 
cation. The shared ontology that comprises the fabric 
of the architecture will ensure that the semantics of 
mission knowledge are consistent between ail applica- 
tions. 
The creation of such an inliastrwture for a wider do- 
main would be a formidable undertaking indeed. It is 
our view however that the domain of spacecraft oper- 
ations, and current ESOC required functionalities, is of 
sufficiently contained scope to ensure that the devel- 
opment of the core ontology remains a tractable prob- 
lem. 
ATOS applications that adhere to the ontology will be 
generic, mhswn independent, human engineered 
tools, tailored for specific mission design or operation- 
al. tasks. Examples include planning and scheduling, 
diagnosis and trouble shooting, monitoring and con- 
trol, engineering modelling and simulation, schedule 
and procedure execution. 
4. THE ONTOLOGY OF SPACECRAFT 
OPERATIONS 
The ATOS-1 project will establish a core ontology of 
spacecraft operations. This will define the objects, re- 
~b-topics have been identified and these will fonn 
@caUy self-contained units of ontology, called thee 
es, which can be used by applications in a discrete 
lshion ifreauired. 
( d e b r e l a b  -of (?sl ?s2) 
"sl is a pla of s2Thep~-ofulatiu1 is limited to a systrm 
and iu immediate subsystons, ic It is nd mnsifivr; Thir hel to 
view the o v d  system at differing lev* of atmmcticn whiXm 
be usdulin modclling to limit the detail to rhat rapired in a p i c -  
ulu situation. A system cannot k a pan of h l f ,  ic ImBtUvc" 
:dd (and (swan ?sl) 
(syst- ?sa) 
:axian-dcf (and (nor (trpnaitivepart-ofl) 
C i & v e  pm-of))) 
(dciinc-datim mnpcma~ts 0 s  ?c) 
"Ccanpanaur relata a s y s v m ~  toits direct oomponcnts, + 
Thesyatans?Sforwhich@ut-of?S ?s)holds.Forasystgnwhch 
is a primiriv. object ccmpomu is the a n p y  set. A system cannot 
be a component of itself, k Imnurive and a syatem cannot be a 
component of a systan that is a mnponolt of it" 
:dd (and (system?~) 
(sysvm ?e)) 
@-Of ?C ?Sf) 
:axiom-dcf (and (nor (transitive compona~u)) 
compl-4))) 
Figure 8 Example of ontology written in 
Ontolingua 
In selecting a representation and tool for developing 
the ontology a number of requirements were ad- 
dressed. The most significant requirements in the deci- 
sion process were: 
= Well-defined semantics - the ontology will 
form a resource to be used by many application 
developers, this means its interpretation must be 
unambiguous; 
0 Electronically readable - the ontology will 
need to be exchanged by a variety of developers 
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dently at different 
e 
The representation that has been adopted is Ontolingua 
(Ref. 11). Ontolingua is a language and a supporting 
translation architecture which has been specifically 
designed for the development of portable ontologies. 
Ontohgua is being developed as part of the DAFtPA 
Knowledge Sharing Effort, unifjing the predicate cal- 
culus representation of KIF (Ref. 6) with the concepts 
found in object-centred knowledge representation sys- 
tems. KIF is based on predicate logic, with a formal- 
ised mathematical foundation. Ontolingua provides 
the means to s t n r c m  assertions in ob jec t - ced  hi- 
erarchies with inheritance via standard primitives for 
defining classes and relations. 
An example of part of the spacecraft operations ontol- 
ogy is given in figure 8. It illustrates a class and two re- 
lations used to form ontological commitments 
between applications wishing to adopt a common 
model for structuring the spacecraft model hierarchi- 
cally. 
To help convey the idea of the ontology further it is 
worthwhile considering an alternative perspective 
from the application-oriented (ie by Ontolingua “theo- 
ry”) partitions discussed earlier. This is to view the on- 
tology as consisting of layers of increasing 
specialisation of generic abstract concepts such as 
“process”, “event” etc. These are specialised f i t l y  so 
as to form abstract domain concepts, such as system, 
device, sem etc, and then specialised into generic 
spacecraft operations concepts, eg. telecommand, so- 
lar panel etc. Finally this is specialised in terms of any 
agency-specific terminology or conventions. This is il- 
lustrated in figure 9. 
bstract c o r n  
&cess, event tt$ 
Figure 9 Layers of increasing 
specialisation in the spacecraft operations 
ontology 
space mission support system. These are: Mission 
FVeparation, Mission Planning, Computer Assisted 
Operations and Advanced Training. They remain con- 
crete target areas for ATOS application. It is unlikely 
however that these sub-domains willbe realised as dis- 
which minimises the need for interaction between ap- 
plications, may be more appropriate. The ontological 
analysis being conducted in ATOS-1 may suggest a 
different partitioning of the domain and may conclude 
that a larger number of smaller applications would be 
more appropiate. Unless this matter is addressed, the 
undisciplined interchange of knowledge between ap- 
plications could be too unwieldy. One must attempt to 
minimise the ontological commitments between a pli- 
cations in order to maximise the independence of iese 
applications. This results in minimising the need for 
cooperation between them. In this way the architecture 
will be open to the greatest possible extent. Shared on- 
tology should not be viewed as a constraining factor, 
but as a mechanism to permit the integration of dispa- 
rate views of the domain and of methods forproblem 
solving. For example, an application which is model- 
ling a device mechanically views the device Werent- 
ly from an application modelling the electronics 
controlling the mechanical linkages. Both applications 
however, if they are to cooperate, need to share some 
aspects of the model. This is where ontology is crucial. 
In making the comments above it is important to dis- 
tinguish between knowledge sharing, which is the 
placement of knowledge within tools and information 
bases for direct acoess by those tools, as contrasted 
against knowledge communication (as typified by 
KQML), which is concerned with the dynamic aspects 
and inter-relationships between knowledge “islands”. 
It is the latter where it is desirable to minimise ontolog- 
ical commitments. 
PACT (Ref. 1) points out that “in current infrastruc- 
tures, applications do not really interact with respect to 
a shared model: the users do, but the applications do 
not know this is happening”. A group of users working 
on a mission each have their own tasks, goals and do- 
mains, but they nevertheless have a shared view of the 
evolving mission and spacecraft design. ATOS tech- 
nology attempts to capture this as knowledge. The 
evolving mission design, the representation of the 
spacecraft, its operating procedures and mission objec- 
tives, are represented only very superficially in current 
computer systems, if at all. Ontologies are not repre- 
sented in any way within current implementations. 
The basic premise of ATOS is that we can move to a 
system in which applications themselves interact 
though ashred explicit model of the r n ~ ~ n .  This re- 
quires the establishment of a knowledge level bus into 
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understanding and keeping track of each others con- 
straints, dependencies, limitations and assumptions. 
detail. Despite these differences in perspective they all  
share considerable information about the overall mis- 
sion’’. Enabling users to share this information and to 
coordinate the decision making is one of the problems 
being addressed in ATOS for the domain of spacecraft 
operations. The role of common ontology is crucial in 
enabling collaborative space mission design and oper- 
ations. It is necessary for the applications to agree on 
many matters, including definitions of space, time, co- 
ordinate frames, units of measure, system structure 
and constraints, in order to effect translation between 
the different representations used by the applications. 
Research has shown that application integration (ie 
agreement on the form of messages, as opposed to the 
content of messages), even across heterogeneous plat- 
forms, has turned out to be a relatively easy task. How- 
ever, to enable knowledge sharing one has to tackle the 
far harder and more fundamental problem of agreeing 
on ontological commitments. This is due tothe differ- 
ences in abstractions and views employed by the dif- 
ferent applications in areas such as planning, 
diagnosis, design and modelling. The shared language 
to which applications must adhere, couples these ab- 
stractions and creates the iUusion of a shared MIB 
model without the constraints and bottlenecks that 
occur in enforced cel.lbalised approaches. This more 
loosely coupled architecture permits currently disjoint 
user teams to coopexate without the imposition of cen- 
tralised technologies on existing work patterns, and 
the inevitable disruption of those work patterns. We 
view ATOS technology as more fundamentally practi- 
cal, open and of sounder foundation than any central- 
ised approach could achieve. 
6. ATOS ARCHITECTURES 
We intend to directly uti& the ontology developed in 
ATOS-1 in the construction of the architecture, fmtly 
in the creation of the mission information base schema 
and also in coupling interfaces between ATOS appli- 
cations. This idea is illustrated in figure 10: 
There ate three perspectives on how the ontology 
wouldbe used to construct an ATOS architecture: 
1. Translation into the representation schema em- 
ployed within selected MES and advanced appli- 
cation technologies. 
2. To support the reuse of generic operations 
Figure IO The role of the ontology in the ATOS 
architecture 
knowled e across missions and across applica- 
tion impfementation platforms in a form sepa- 
rate from its actual encoding within the MLB. 
We call this a knowledge resources base (KRB). 
3. To develop a set of run-time communications 
protocols in order to enable different inference 
engines to reason using the knowledge stored in 
the MIB, a so-called knowledge query and ma- 
nipulation language. 
6.1 Architectural Perspective 1 
Space permits only the first perspective to be de- 
scribed in this paper, which is illustrated in figure ll. 
The principal elements to consider with respect to this 
architecture are as follows: - The common Spacecraft Operations Ontology is 
maintained as a collection of machine readable 
definitions in Ontolingua. Ontoliigua is itself 
defmed in terms of KIF. 
e The common ontology is effectively a reference 
source of knowledge structures which are de- 
ployed into parts of the ATOS system itself. The 
Ontolingua definitions themselves do not form 
part of the final system, The ontology is translat- 
ed (semi) automatically into other parts of the 
system, so as to establish a common model of 
the domain throughout ATOS. 
The MIB contents definition is derived by trans- 
lating the ontology into the MIB information or 
knowledge model. This is an off-line process 
and happens only once during the development 
of an ATOS-based MCS. The MIB’s informa- 
tion or knowledge abstraction may be provided 
directly by a specific commercial tool or layered 
upon one. In the later case the MIB platform will 
be selected upon the basis of the flexibility of the 
storage management it provides rather than the 
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in the MIB this is also a prerequisite. For exam- 
ple, a planniig tool, will need to know whether 
the MIB caUs the results ,of successfully execut- 
ing an activity a “postconditi~n”, or an “effect”. 
The ontology (or relevant parts of it) will be 
translated into the KBS tool which is being used 
for developing the AAM. For example, this 
would consist of a collection of classes and their 
associated slots which are equivalent to the On- 
tolingua classes and relations defined in the on- 
The translated ontology provides a set of d e f i -  
tions for the application developer to build his 
implementation in terms of, for example, in the 
planner example given above definitions of ac- 
tivity, procedure, temporal constraint would be 
provided. Application knowledge will be creat- 
ed by instantiating the classes etc derived from 
the ontology or by extending the definitions with 
any further knowledge structures which are re- 
qumd specifically to support the task of the 
AAM. 
tology. 
As with the MIB, the translation process is off- 
line and occurs onIy once during the deveIop- 
ment of an AAM. 
these technological problems within the ATOS pro- 
gramme we have made a conscious effort to follow re- 
searchers in other domains and to benefit f h m  
fundamental mearch which is addressing the underly- 
ing technical issues. 
A particular influence on our technological approach 
is the work being carried out within &he DARPA 
Knowledge Sharing Effort (Ref. 7). This initiative is 
working towards the establishment of standards for 
knowledge interchange 0, interoperability be- 
tween intelligent agents (KQML) and tools to support 
the development of common ontologies for particular 
domains (Ontolingua). 
With respect to ontology, there are a number of sourc- 
es of information which are guiding and influencing its 
development. These are: 
0 Previous research in knowledge-based applica- 
tions, in particular those in the areas of planning 
and scheduling, model-based reasoning and 
qualitative modelling. In particular, work which 
has a sound theoretical foundation. Although 
much of this previous work does not formally 
defme the ontology it is adopting, reusable onto- 
logical fragments can be extracted with careful 
analysis. For examples of such sources, see Ref. 
12,13,14 and 15. 
Example AAM 
Ihnshtom 
MLSh Infornutloa Base 
Figure 11 Architectural perspective 1 
On-going research within the DARPA Knowl- 
edge Sharing Effort on the development of com- 
mon ontologies for a number of domains. 
Previous applications in the space domain which 
serve to identify the domain specific knowledge 
structures and specialisations which are needed 
to use the more generic aspects of the ontology 
in the ATOS applications. 
0 Work at ESOC in the establishment of standards 
for ground based spacecraft control systems, and 
in particular the work of the Committee for Op- 
erations and EGSE Standards (COES). For ex- 
amples see Ref. 16 and 17. 
8. POSSIBLE FUTURE DIRECTIONS FOR 
ATOS 
We hope that the core ontology of spacecraft opera- 
tions, being developed in ATOS-1. will be able to 
evolve into a concrete standard which will act as a le- 
ver to enable the development of a range of advanced 
mission support and operations applications deployed 
within an integrated mission control system. The on- 
tology, being expressed using a formal representation 
explicitly designed for the specification and export of 
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To establish the means by which the core ontol- 
ogy being developed in ATOS-1 can be further 
pursued outside of the project, including funded 
experiments aimed at verifying ontological 
commitments between planned application do- 
mains. 
To establish the means by which the ontology 
can be transferred, with its translation environ- 
ment, to parties authorised to utilise the knowl- 
edge murces being developed in ATOS - 1. 
To establish an advanced interfaces initiative 
aimed at specifying the standard knowledge bus 
into which third party applications can be 
plugged, together with the means to verify the 
correcmess of function of those applications 
with respect to the ontology. This is similar to 
that needed for communications protocol verifi- 
cation. 
To establish practical projects, aimed at devel- 
oping wanted applications (not prototypes), 
which adhere to the ontology and which concen- 
trate upon identification of minimum ontologi- 
cal commitment between subdomains. 
In particular, we recommend that the continuation of 
the ATOS programme, in parallel to and beyond 
ATOS- 1, could follow a collaborative model similar to 
the PACT initiative. We believe it would be quite prac- 
tical to establish core knowledge bus facilities, operat- 
ing over a wide area network (eg the InterNet), in order 
to couple development and research teams working at 
different sites on different aspects of ATOS technolo- 
gy and its application. The aim would be to bring to- 
gether other contracton, who have already contributed 
to furthering the use of AI in space operations in pre- 
ATOS prototype studies at ESOC, in a way which per- 
mits technology transfer and the further coordinated 
development of the ontology and mission informalion 
base. 
Recognising the significance of agreement on defini- 
tions is the key to moving knowledge based systems 
off the side lines and into mainstream mission support 
and operations. The aim is to create a medium in which 
collaborative mission design and operations can flour- 
ish. 
Figure I2  The answer 
S 
The first issue of the Ontology of Spacecraft Opera- 
tions, which must be considered a “draft proposal”, is 
to be available in July of 1993. Requests for copies of 
this document should be made to Mr. H A h u e  at the 
European Space Operations Centre, Darmstadt, Ger- 
m y .  We invite comment on rhe ontology from au- 
thorities and contractors across the space industry. 
Eventually we also see the need, and will support, the 
establishment of a forum for common discussion re- 
garding the ontology, the members of which will col- 
laborate on its further development and exploitation. 
Informal communication can be established now by 
contacting the authors of this paper at the following 
email addresses: 
howards@logica.co.uk 
kevin@logica.co.uk 
10. ACKNOWLEDGEMENTS 
The authors would like to acknowledge the significant 
influence that the results of the DARPA Knowledge 
Sharing Effort have had in the direction of this work. 
In particular, Tom Gruber, whose personal communi- 
cations have helped to guide us through the early stag- 
es of ontology development. 
11. REFERENCES 
1. M Cutkosky, R Engelmore, R Fikes, T Gruber, M 
Genesereth, W Mark, J Tenebaum, J Weber, ‘TACT: 
An Experiment in Integmting Concurrent Engineering 
Systems”, Submitted to EEE Computer January 1993 
(Special Issue on Computer Supported Concurrent En- 
gineering). 
2. Newell. A, “The Knowledge Level”, Artificial Intel- 
ligence 18,1982. 
3. h u e ,  H, Kaufeler, J-K, Poulter, K, Smith H, “The 
Advanced Technology Operations System ATOS”, 
Roc. 2nd International Symp. ‘Ground Data Systems 
for Space Mission Operations’, SPACEOPS 1992,17- 
20 November 1992, Pasadena. 
4. Zweben, M., “Space Shuttle Processing: A Case 
Study in Artificial Intelligence”, 28th Space Congress, 
1991. 
111 
1990). 
6. Genesmth, M. et al “Knowledge Interchange For- 
mat Version 3.0 Reference Manual”, Report Logic-92- 
1 Computer Science Department, Stanford University, 
June 1992. 
7. Neches, R et al, “Enabling Technology for Knowl- 
edge Sharing, AI Magazine, Fall 1991. 
8. IMKA, ‘?phase 1 Software Functional Specifica- 
tions”, July 1990. 
9. Brachman, RJ. and Schmolze, J.G. “An Overview 
of the KL-ONE Knowledge Representation System, 
Cognitive Science 9,1985. 
10. KQML Advisory Group, “An Overview of 
KQML: A Knowledge Query and Manipulation Lan- 
guage”, March 1992. 
11. Gruber, T., “Ontolingw A Mechanism to Support 
Portable Ontologies, Version 3.0”. Technical Report, 
Knowledge Systems Laboratory, Stanford University, 
June 1992. 
12. Allen, J. and Hayes, P., “A Common-Sense Theory 
of Time”, Proc. IJCAI-85. 
13. Fakenhainer, B., and Forbus, K.D., “Composi- 
tional Modelling: finding the right model for the job”, 
Artificial Intelligence 51,1991. 
14. Forbus, K.D., “Qualitative Proc@s Theory”, MIT 
Artificial Intelligence Laboratory, Technical Report 
789,1984. 
15. Miller, D. P., “Planning by Search Through Simu- 
lations”, Yale/CSD/RR#423, October 1985. 
16. ESA/ESOC, Committee for Operations and EGSE 
Standards, EGSE and Mission Control System (MCS) 
Functional Requirements Specification, PSS-07-401 
Issue 1, Draft 6, April 1992 
17. ESA/ESOC, Committee for Operations and EGSE 
Standards, Spacecraft Operations Interface Require- 
ments Document (SOIRD), Issue 3, October 1990. 
112 
